Carbon nanomaterials such as carbon nanotubes, carbon nanofibers, and graphene are exploited extensively due to their unique electrical, mechanical, and thermal properties and recently investigated for energy storage application (supercapacitor) due to additional high specific surface area and chemical inertness properties. The supercapacitor is an energy storage device which, in addition to long cycle life (one million), can give energy density higher than parallel plate capacitor and power density higher than battery. In this paper, carbon nanomaterials and their composites are reviewed for prospective use as electrodes for supercapacitor. Moreover, different physical and chemical treatments on these nanomaterials which can potentially enhance the capacitance are also reviewed.
Introduction
One-and two-dimensional carbon nanomaterials such as carbon nanotubes, carbon nanofibers, and graphene have been exploited for a long time owing to their extraordinary chemical, mechanical electrical, and thermal properties and are therefore investigated extensively as thermal heat sink, electrical interconnects [1] , field emitter, high mechanical strength composites [2] , energy storage [3] , and high frequency applications [4] . The carbon nanomaterials also have high specific surface area; the theoretical surface area of closed tip CNTs and graphene is 1350 m 2 /g and 2630 m 2 /g, due to high aspect ratio of CNTs and thin single layer of graphene sheet, and they are therefore recently investigated extensively as electrode materials for supercapacitor (SC) because of proportionality of capacitance versus electrode surface area given as [5, 6] ∝ .
(
SC is a class of energy storage devices, whose technology bridges the gap between conventional energy storage technologies such as parallel plate capacitor and battery by combining parts of their respective working mechanisms. In SC, the electrodes are usually immersed in electrolyte like a battery and charges from electrolyte and electrode accumulate electrostatically at the electrode/electrolyte interface like in parallel plate capacitor. The SC does not have any dielectric; however, the two layers of charges are separated by a monolayer (called Helmholtz layer) of solvent molecules which is considerably thin (0.5-1 nm) resulting in high capacitance [7] . The SC has outstanding features such as quick store/ release of energy, about one million charge/discharge life cycles, and ecofriendliness. The power density of supercapacitor (100 kW/kg) is much higher than the conventional battery; however, the energy density (10 Wh/kg) is an order of magnitude less than battery (100 Wh/kg). The power density (specific power) and energy density (specific energy) of different energy storage/conversion technologies are given in the Ragone plot; see Figure 1 .
SC is predicted to have application in portable electronic, hybrid vehicles, heavy machinery, airborne places, and even in satellite. Moreover, SC can be helpful in enhancing the life of existing batteries. In fact, the demand of high power pulses from traditional batteries causes deterioration and shortens 2 Journal of Nanomaterials the lifetime. However, on coupling it with SC, the life will be increased by providing pulses from SC and the average power by the battery [8] . Furthermore, existing SC with moderate energy density can be used at place requiring high power for short time such as to close a bus door, initial push to hybrid bus, and quick response of backup energy source such as uninterruptible power supply (UPS); however, the ambition is to use supercapacitor as an independent source of energy to drive buses by enhancing energy density further [9] [10] [11] .
Supercapacitors are divided into two categories based on their energy storage mechanism such as electric double-layer capacitor (EDLC) and pseudocapacitor. In EDLC, the energy is stored by the electrostatic adsorption of charges on the surface of the electrodes similar to parallel plate capacitor. In contrast, the energy in pseudocapacitor is stored by the reversible Faradaic redox reaction taking place at the surface of the electrodes. The fast charge transference in Faradaic redox reactions than the chemical reaction in the battery results in higher power density than battery and less than EDLC. The electrostatic adsorption/desorption in EDLC is a physical and very fast process resulting in high power density as well as long life cycles unlike batteries which have lower power density and shorter life cycle due to slow chemical reaction and consumption of the electrode by the chemical reactions.
The energy and power of supercapacitor are given in (2); however, specific energy (energy density) and specific power (power density) can be obtained by dividing (2) by mass, footprint area, or volume of electrode materials. The energy depends on the capacitance ( ) and operating voltage ( ) window or cell voltage whereas the power depends on internal resistance as well which is the sum of equivalent series resistance (ESR) and charge transfer resistance ( ct ) where ESR is the sum of electrode materials resistance, bulk electrolyte resistance, and the contact resistance between electrode and current collector [12] : The energy density is directly related to the surface area of the electrodes materials which advocates carbon nanomaterials as candidate for electrode due to high specific surface area. However, the extraordinary electrical properties of the carbon nanomaterials contribute to reducing overall resistance thus resulting in higher power density of supercapacitor. The power density can be further increased by using electrolyte with high electrical conductivity and larger operating voltage window. The working principle of supercapacitor is shown in Figure 2 .
Electrolytes
The electrolyte is the main source of ions in the SC and it also defines the cell voltage of SC. In fact, an electrolyte has a particular voltage operating window and it decomposes when operated beyond this window creating gases in the SC. Beside wide operating window, an electrolyte should have high conductivity, low viscosity to access small pores, chemical stability (should not react with the electrode material), easy availability, and cost effectiveness. Different types of electrolytes such as aqueous, organic, and ionic liquid electrolytes are used and properties for typical examples are shown in Table 1 . The aqueous electrolytes are highly conductive with smaller ions size which can penetrate inside small pores to access maximum surface area; however, the operating voltage window of these electrolytes is low around 1 V which gives low energy and power density. The low operating voltage of aqueous electrolyte is limited due to the water decomposition voltage of 1.23 V [13] . In fact, the operating voltage window of aqueous electrolyte is defined by the pH value. The commonly used aqueous acidic and basic electrolytes such KOH and H 2 SO 4 have high H + and OH − concentration which limits the voltage window [14] . However, the operating voltage can be increased by using neutral electrolytes with low H + and OH − concentration and also by appropriate doping of the electrode. In fact, the hydrogen gets stored into the defect domains of electrode materials and results in lower water decomposition voltage [15] . The voltage window of more than 1.6 V from aqueous Na 2 SO 4 electrolyte is obtained by doping carbon electrode with oxygen [16, 17] . Even a high operating voltage of 2.4 V is obtained by nitrogen doping of carbon based electrode [14] .
The organic electrolytes have higher operating window than the aqueous electrolyte from 2.4-2.8 V. However, they have low conductivity and larger ion size. The larger ions cannot penetrate inside small pores causing a loss in surface areas resulting in low capacitance; however, the low conductivity causes power loss.
Ionic liquids (ILs) electrolytes have high operating voltage window (3.7 V) and ions size smaller than organic electrolyte resulting in even higher energy density. The ILs can function in wide range of temperature because of the absence of the solvent. The eutectic mixture of ILs has been shown to work both at very low temperature (−50 ∘ C) and high temperature (80 ∘ C) [18] . The ionic liquids electrolytes are expected to fulfill the increasing demands of the supercapacitor industry.
The aqueous electrolytes are a suitable choice for microporous electrodes. However, by optimizing the pores sizes, electrolytes with larger operating voltage can enhance the energy density. The energy density of mesoporous carbon nanofiber is about [16] [17] [18] [19] [20] [21] 
Chemical Vapor Deposition
Chemical vapor deposition (CVD) technique is the most frequently used due to low temperature, controlled location, and also vertically aligned growth of carbon nanotubes/ nanofibers. The controlled growth location feature attracted the industry for field emitter display, interconnects, thermal interface materials, and AFM tips applications. The growth of CNTs requires transition metal catalyst to be patterned on the substrate for controlled growth of CNTs.
During the CVD growth, carbon containing gases decomposes into carbon precursors which adsorb on catalyst surface, diffuse into or along the surface of the catalyst, saturate catalyst, and finally precipitate as carbon nanotubes. The schematic diagram of growth of carbon structures is shown in Figure 3 . Two types of CVD processes are used depending on the source of energy such as thermal CVD and plasma CVD. The heat is the main source of energy in thermal CVD for growth. The substrate with patterned catalyst is heated to growth temperature to activate catalyst and also to dissociate the carbon containing gases on the catalyst. Thermal CVD is now a primary method for the growth of bundles of vertically aligned CNTs at around 700 ∘ C. In plasma enhanced CVD (PECVD), the additional energy is provided by plasma along with thermal energy which helps to reduce the overall growth temperature. PECVD is subdivided into further types depending on the type of plasma used and named after the type of plasma such as such as microwave (MW-PECVD), radio frequency (rf-PECVD), and direct current (DC-PECVD). PECVD is used to grow both CNFs and CNTs; however, CNFs are frequently grown. Among all PECVD techniques, DC-PECVD is used to grow vertically aligned carbon nanofibers (VACNFs). Single VACNFs or bundle of VACNFs can be grown using this technique where the vertical alignment is provided by the electric field between CNFs and anode. VACNFs can be grown at CMOS (390 ∘ C) compatible temperature for on-chip application such as on-chip capacitor and on-chip interconnects [1, 3] .
Electrospinning
Electrospinning is used to make nonwoven web of polymer carbon fibers using viscoelastic properties of polymers. It has received wide interest from both academia and industry due to versatility, cost effectiveness, and simplicity. For electrospinning, a syringe is filled with polymer which is ejected from the needle of the syringe with certain volume rate. High positive voltage 10-30 kV is applied to polymer with respect to grounded collector and the positive voltage creates ions in the droplet coming from syringe needle. When the electrostatic field overcomes the surface tension of the polymer droplet, the polymer gets elongated having few micron diameter and is deposited on the collector. The field is adjusted to critical field, for certain viscosity of polymer, to keep the certain critical chain entanglement to make fibers, however, higher than critical field causes spitting of polymer and lower field causes beading in the fibers [21] . The flexibility of the method not only makes polymer fibers but also can be used to make composite by immersing carbon nanomaterials in polymers [22] .
Electrode Materials for Supercapacitor
Different types of materials such as activated carbon, templated carbon, carbon nanotubes, carbon nanofiber, graphene, carbon nanomaterials composites, and carbon-metal oxides composites are used as electrode for supercapacitor. However, one-and two-dimensional carbon nanostructures such as carbon nanotubes, carbon nanofibers, graphene, and their composite are focused on here.
Carbon Nanotubes.
Carbon nanotubes are formed by rolling up of one or more than one graphene sheets into concentric cylinder in which the graphene sheet runs through the whole length of carbon nanotube as shown in Figure 4 . They are extraordinary materials with excellent thermal, mechanical, and electrical properties. The thermal conductivity of CNTs along the axis (about 3500 W/mK at room temperature) is eight times higher than copper [70] and can carry electric current density three times higher than copper [71] . Mechanically strong CNTs have Young's moduli and tensile strength of 1 TPa and 63 GPa, respectively, many times higher than steel [72] . Because of these properties, carbon nanotubes are studies for many types of applications such as field effect transistors [73] [74] [75] [76] , interconnects [77, 78] , chemical sensors [79] , and gas [80] sensors and also as thermal interface materials [81] . In addition, CNTs also have very high aspect ratio with diameter ranging from 1 to 20 nm and length up to few centimeters thus providing high surface area [82] Journal of Nanomaterials 5 which makes it an interesting material for hydrogen storage and supercapacitors [83] . Carbon nanotubes are made using arc discharge method, laser ablation, and chemical vapor deposition. Arc discharge and laser ablation produced higher quality CNTs at high temperature (>1000 ∘ C) and were therefore the core choices to study the fundamental properties of CNTs. However, they have drawbacks of requiring costly purification methods, lacking the control on growth location, and of course very high growth temperature [84] [85] [86] [87] .
CVD is the frequently used method nowadays resulting in a variety of CNTs that can be achieved, such as single-walled, double-walled, and multiwalled CNTs, controlled location, and vertically aligned, lying down, short and long, cheap, and quick growth. Recently, bundles of vertically aligned carbon nanotubes are grown at controlled location on silicon substrate using thermal CVD at 700 ∘ C in 3 minutes for waveguide application [88] . Catalyst is required to grow CNTs which is either deposited on the substrate or floated in the gases. Floating catalyst CVD method can fulfill the industrial demand because of its ability of economical mass production and controlled structured growth of CNTs [89] . In this process, the catalyst and carbon source such as ferrocene and ethanol are mixed with certain ratio and introduced in the chamber with certain pumping rate. Long ropes of both single-walled and multiwalled carbon nanotubes are obtained. The CNTs ropes of length 5 cm to 6 ft are made by floating catalyst [90, 91] .
Long CNTs can also be grown in short time by introducing water in thermal CVD. CNTs of length 2.5 to 7 mm are grown in 10 minutes to 2 hours using WA-TCVD [92] [93] [94] . The growth time however is very long but can be shortened by optimizing the parameters further. The thumb rule behind the very long CNTs growth is to keep the catalyst active. The activity of catalyst reduces by the deposition of amorphous carbon. The water vapors hinder the amorphous carbon deposition on the catalyst and keep the catalyst active for longer time. In addition, CNTS grown by WA-TCVD also have high aspect ratio, purity, improved wall structure, alignment, higher growth rate, and longer height [95] . Longer CNTs can be grown by optimizing the growth parameters even without using water. 9 mm long CNTs were also grown by optimizing catalyst reduction time with hydrogen. The mixture of helium and hydrogen and C 2 H 4 was used to grow CNTs at 750 ∘ C temperature for 10 hours. The extraordinary properties of CNTs and especially their high surface area make them efficient electrode materials for energy storage purpose. CNTs have narrow distribution of pores due to vertical alignment and most of the surface area is due to the mesopores which help the electrolyte to access all available surface areas. Mesopores also provide the liberty to use electrolytes independent of molecular size.
The carbon nanotubes were used as electrode by using chemically stable binder which does not dissolve in the electrolyte and keep CNTs together but offers less specific surface area because of micropores closing and extra weight of binder. The electrode made from MWCNTs and SWCNTs with PTFE and PVDF binder give surface area of 100 and 130 m 2 /g [96, 97] . Similarly, Picó et al. used the arc discharge grown SWCNTs with surface area 236 m 2 /g and bound them using PVDF binder and got a specific capacitance of 30 F/g in 6 M KOH electrolyte [29] . The pore size plays an important role in the specific capacitance and the micropores (<2 nm) enhance the surface area and thus capacitance. The aqueous electrolytes can penetrate in the micropores of certain size; however, they cannot penetrate in smaller micropores. In order to utilize the maximum of surface area for capacitance, the ion size of electrolyte should fit in maximum range of pore distribution in electrode thus resulting in limited options of electrolyte; nevertheless, mesopores of vertically aligned carbon nanotubes (VACNTs) provide the solutions of pores related problem. Vertical alignment allows the usage of organic electrolytes having larger ion size but with higher operating voltage window resulting in higher energy and power density. The alignment helps to ease the diffusion of electrolyte to access all the pores of electrode to enhance capacitance and hence power density by reducing resistance ( ). The CNTs can be directly grown or transferred on the current collector which provide good electrical contact between CNTs and current collector. VACNTs were directly grown on silicon chip and a specific capacitance of 47 F/g was obtained in 1 M KOH [98] . Furthermore, VAMWCNTs were grown on silicon substrate and later transferred on double sided tape after gold coating which gave specific capacitance of 440 F/g in ionic liquid electrolyte ([EMIM][Tf 2 N]). High energy and power density of 148 Wh/kg and 315 kW/kg were also obtained due to larger voltage window of the electrolyte [40] . Since 2/3 of the produced CNTs are semiconducting when grown as bundle, CNTs have limited electrical conductivity and thus poor energy storage performance. Nevertheless, mesopores help conformal coating of CNTs, which enhance the electrical performance of electrode. The CNTs were coated with titanium nitride and areal specific capacitance of 81 mF/cm 2 was obtained in 0.5 M H 2 SO 4 electrolyte which is 5 times the areal specific capacitance of bare carbon nanotubes (14 mF/cm 2 ) and many folds higher than bare TiN (0.2 mF/cm 2 ) [99] . Furthermore, supercapacitors are also investigated for ac line filtering which can filter the signals below certain frequency. High conductivity and mesoporosity of electrode can give high areal specific capacitance at high frequency. SWCNTs films were obtained from chlorosulfonic acid dispersion and put on gold coated stainless steel. The areal specific capacitance of 601 F/cm 2 is obtained at 120 Hz with phase angle −81
∘ and retained 98% of capacitance after one million cycles [100] . Again, SWCNTs are used with organic electrolyte [1 M TEABF 4 ] with 2.5 V operating window and got the areal specific capacitance of 282 F/cm 2 at 120 Hz for 298 nm thick CNTs film. It is shown that the capacitance increases with the increase in film thickness from 53 to 298 nm and decreases with further increase in film thickness due to increase in the pore length [101] .
Moreover, solid state capacitors were also fabricated which can be used even at higher frequency. CNTs are conformally coated with Al 2 O 3 dielectric and top metal deposition. The volumetric specific capacitance of = 23 mF/cm 3 at 20 Hz and = 6 mF/cm 3 at 100-20 kHz is obtained [30] . SCs are made even for higher frequency by The surface area and conductivity of CNTs can be improved using different treatments such as activation, functionalization, doping, and opening of tips and side walls. The area of as-grown SWCNTs increased from 1300 m 2 /g (theoretical surface 1350 m 2 /g) to 2240 m 2 /g by opening the tips and side walls using heat treatment in dry air at 525 ∘ C. The surface area obtained was close to theoretical surface area with inner surface area 1180 m 2 /g and outer surface area 1060 m 2 /g. The specific capacitance and energy density increased to 114 F/g and 24.7 wh/kg as compared to as-grown CNTs (73 F/g and 16 Wh/kg) [5] . However, to have maximum capacitance, the windows size of side walls should be optimized to size of ion in the electrolyte.
In addition to tip opening, the surface area can be increased by the activation process, which can be done by physical and chemical treatment of CNTs. Frackowiak et al. grew two types of MWCNTS by (a) Co supported on silica and (b) Co solution and then removed the tip by treating with the mixture of hydrochloric acid and nitric acid and activated them with KOH at 800 ∘ C temperature under argon flow. The surface area of the MWCNTs on silica substrate increased more than two times (from 430 m 2 /g to 1035 m 2 /g) whereas the surface area from Co solution increased 4 times (from 220 m 2 /g to 885 m 2 /g). The specific capacitance increased 5 times after activation (from 10-15 F/g to 90 F/g in KOH electrolyte) [39] .
The specific capacitance was also increased by introducing some pseudocapacitance in the CNTs based electrode and this was done by functionalizing the CNTs with an oxygenated group or by nitrogen doping; however, the power density decreased due to a slow redox reaction at the surface. VASWCNTs grown on carbon paper were oxidized by electrochemical method in HNO 3 and the specific capacitance increased from 75 F/g to 158 F/g in an ionic liquid electrolyte; however, power density decreased from 987 kW/kg to 563 W/kg [36] .
Moreover, the specific capacitance of 440 F/g with a high energy density of 148 Wh/kg is obtained by opening tips and oxidizing VAMWCNTs using oxygen plasma [40] . The plasma treatments have many positive impacts on CNTs for energy storage such as opening the walls, functionalization, and of course making these structures more hydrophilic because of functionalization. Recently, MWCNTs were functionalized with two types of plasma: (a) microwave plasma, in addition to heat treatment at 500 ∘ C in air, and (b) RF oxygen plasma treatment. The contact angle of droplet of 1 M Na 2 SO 4 aqueous solution decreased from 113.84 ∘ to 36.48 ∘ and 19.87 ∘ for microwave and RF plasma treated MWCNTs illustrating the hydrophilic properties after plasma treatment. The increase in value of / and AFM proved the existence of window in the walls as well where and are the Raman peaks intensities of defects and graphitization in graphitic materials and their ratio describes the roughness in the graphitic materials. Substantial increase specific capacitances from 61.5 F/g to 214 F/g and 238 F/g were obtained [38] . Nevertheless, the specific capacitances of CNTs based supercapacitors are summarised in Table 2 .
Carbon Nanofibers.
Carbon nanofibers (CNF) are fabricated in many ways; however, here CNFs made from chemical vapor deposition (CVD) and electrospinning are discussed. CVD grown CNFs are made by curved graphite layers stacked on top of each other forming cup or cone shaped layers. The stacked cone and cup structures are named as herringbone and bamboo type CNFs having an angle between the CNF axis and graphite walls as shown in Figure 4(c) . A weak interplane van der Waals binding between cones makes CNFs weaker than CNTs. Depending on CVD growth technique and measurement method, the CNFs have different properties which are given in Table 3 .
CNFs fabricated by electrospinning method are core-shell structures and are in the form of nonwoven mats. These are extensively investigated as electrodes for supercapacitor due to their high specific surface area and ease of production. The nonwoven mats eliminate the use of binder which not only reduce the surface area but also increase the dead weight.
Different elastoviscous polymers such polyacrylonitrile (PAN), polybenzimidazole (PBI), poly(amic acid) (PAA), cellulose (CA) [103] , and polyvinylpyrrolidone (PVP) [104] are used to make CNFs.
The electrospun CNFs still do not have enough specific surface area and thus have low capacitance; however, an activation process can be conducted to increase the surface area. The pristine electrospun CNFs from poly(amide imide) (PAI) have low specific surface area of 240 m 2 /g and thus low specific capacitance of 30 F/g and upon activation at 800 ∘ C for 1 h in pure carbon dioxide atmosphere the specific surface area increases to 1360 m 2 /g resulting in specific capacitance of 196 F/g in KOH electrolyte [45] . Similarly, upon activation of PAN based CNFs using 30 vol% steam in N 2 at 700 ∘ C, 1230 m 2 /g specific surface area is obtained giving 175 F/g specific capacitance [41] . The PAN based CNFs have specific surface area 850 m 2 /g at 800 ∘ C which is smaller than the PAI based CNFs made at the same temperature because the micropores in PAN based CNFs turn into mesopores in this atmosphere causing the reduction in surface area.
The surface area can also be increased by using sacrificial polymers which decompose during fabrication process but create pores in the CNFs. The sacrificial polymer is electrospun along with carbon source polymer such as PAN and, upon carbonization, the sacrificial layer will decompose creating pores in the CNFs. The sacrificial layer removes the extra activation step. The weight ratio of these sacrificial polymers also plays an important role and gives maximum surface area at particular weight ratio. Pitch was used as sacrificial polymer and electrospun with PAN (PAN/Pitch 7/3 wt.% (Pitch concentration in THF = 20)) and carbonized at 1000 ∘ C. The specific surface area 966.3 m 2 /g was obtained which is twice as the area of PAN-CNFs (502 m 2 /g). The specific capacitance from PAN/Pitch CNFs was 130 F/g and however the energy and power density were 15 Wh/kg and 100 kW/kg. The maximum capacitance was obtained at Pitch concentration of 20 wt.% in Tetrahydrofuran (THF) which CNTs. is an organic liquid [47] . Similarly, polymethylhydrosiloxane (PMHS) was used as sacrificial polymer with PAN in an organic liquid named Dimethylformamide (DMF). The specific surface area and capacitance were 302 m 2 /g and 126 F/g in 6 M KOH electrolyte. The cyclic voltammograms were fairly rectangular showing the complete decomposition of the polymer. High energy density of 10-17 Wh/kg was obtained at high power density of 0.4-20 kW/kg [46] . The pore size can also be controlled by controlling the concentration of sacrificial polymers. Nafion was used as sacrificial polymers for mixtures 60 and 80 wt.% with PAN. The specific surface area of 1614 m 2 /g was obtained for 60 wt.% which is four times higher than the SSA of only PAN carbon nanofibers; however, lower surface area of 1499 m 2 /g was obtained for 80 wt.%. The mesopore volume (0.810 cm 3 /g), cumulative pore volume (1.336 cm 3 /g), and pore size (4.69 nm) were higher but the micropores volume was lower than 60 wt.%. Most of the surface area can be accessed due to larger pore diameter. The higher pore volume is due to the higher amount of nafion available for decomposition creating more surface area. The cyclic voltammograms are rectangular even at high scan rate of 2 V/s showing electric double-layer capacitor (EDLC) behavior. The specific capacitances of 210 F/g and 190 F/g were obtained and quite reasonable energy density of 4 Wh/kg is obtained at high power density of 20 kW/kg [50] .
Another method to enhance the specific capacitance is the surface modification of the electrode materials which is done by doping with different materials. Nitrogen, oxygen, phosphorous, and boron are used for doping. The doping provides redox reactions, which increase the specific capacitance with some compromise on the power density and lifetime because of slower reaction. Other benefits of doping include the increase in the wettability of electrode material which enhances ion transfer efficiency and the increase in ionic conductivity of materials which decreases IR drop which is the sharp drop in the initial voltage upon discharge due to internal resistance. Yang et al. showed that, with appropriate doping of 3D PAN carbon nanoporous, the resistance can go down from 6.98 Ω to 0.58 Ω [105] . Moreover, CNFs@Ppy were carbonized under nitrogen atmosphere at different temperatures such as 500 to 1100 ∘ C which resulted in nitrogen doped CNFs. The maximum SSA 348 m 2 /g by carbonization and doping at 900 ∘ C was still low but the specific capacitance was 202 F/g which is close to the specific capacitance of activated CNFs with specific surface area of 1500 m 2 /g [51] . PAN based CNFs were carbonized in nitrogen atmosphere and doped using oxygen plasma. The contact angle on pristine CNFs about 129 ∘ changed to complete wetting. The SSA of pristine and 6-minute plasma treatment was very close to 247 m 2 /g and 274 m 2 /g; however, the specific capacitance of doped CNFs (377 F/g) was twice as pristine CNFs (167 F/g ).
CVD grown CNFs are exclusive in many aspects because they can be grown vertically aligned at different temperatures and controlled location and as an individual fiber or in the form of the film. Their shape, diameter, length, and electrical and mechanical properties can be controlled by the growth conditions and using different metal schemes [106] . The CNFs have the potential to deliver new nanoscale applications and alternate solutions and to cope with future challenges such as NEMs [107] , bio sensors [108] , interconnects [109] , and supercapacitors.
The vertically aligned carbon nanofibers can be grown directly on any kind of substrate by the CVD method. The direct growth on substrate provides metallic contact between substrate and carbon nanofibers which can potentially reduce the equivalent series resistance (ESR) in the supercapacitor. The vertical alignment of CNFs offers the whole surface of CNFs accessible to electrolyte. By this growth technique the CNFs can be grown directly on electrospun CNFs to make composites for further enhancement of the surface area of the electrode along with good electrical contact between both kinds of CNFs as well. These carbon nanofibers can be grown on silicon chips at CMOS compatible temperature (390 ∘ C) creating the possibility to fabricate supercapacitor directly on the chip which can be used as decoupling capacitor and acbypass capacitor and even to power up of on-chip MEMs devices. Vertically aligned CNFs were grown on silicon chip and the areal specific capacitance of about 5.5 mF/cm 2 was obtained [3, 110] . Nevertheless, the supercapacitors properties based on CNFs electrodes are summarised in Table 4 .
Graphene.
Graphene is a two-dimensional material with one atom thick planer sheet of carbon in which atoms are arranged in honeycomb lattice. It is a promising candidate as an electrode for supercapacitor due to high carrier mobility (2 × 10 5 cm 2 V −1 S −1 ), excellent mechanical properties, and high surface area [111] [112] [113] . The theoretical surface area of graphene can be 2630 m 2 /g, which can in principle give very high specific capacitance of about 550 F/g [6, 114] . However, postprocessing produces restacking, agglomeration, and damaging of graphene sheets which results in the reduction of surface area and charge mobility of graphene sheet. The measured surface area is lower, ranging from 925 m 2 /g to 705 m 2 /g and even drops to 46 m 2 /g by agglomeration of graphene sheet, which results in low specific capacitance 100 F/g and even lower 6 F/g [54, 55] . Nevertheless, by preventing the agglomeration of graphene sheet, high surface area can be achieved. El-Kady et al. prevented the agglomeration of graphene sheet by reducing the graphene oxide with laser light by using LightScribe CD/DVD optical drive. High surface area of about 1520 m 2 /g was obtained and, however, high specific capacitance of 276 F/g was obtained in EMIMBF4 electrolyte with 4 V scan range. Furthermore, the rate capability of this graphene based capacitor was very high which retained more the 50% area specific capacitance when discharge current density was increased from 1 A/g to 1000 A/g [6] . Graphene based carbon spheres containing both macro-and mesopores were made. The surface area 3290 m 2 /g higher than theoretical surface area of the graphene was obtained but the specific capacitance was still low (174 F/g); nevertheless, the energy density (74 Wh/kg) and power density (338 kW/kg) were very high due to presence of mesopores [56] . To further improve the utilization of the surface area of graphene sheets, the spacers were introduced between the graphene layers. The spacer will however increase the volume and the weight of the electrode but it will make the whole surface accessible to the electrolyte and also absence of micropores will result in increase in the power density. The specific capacitance of 273 F/g was obtained with ionic liquid functioning as both electrolyte and spacer. High energy (150 Wh/kg) and power density (776 kW/kg) were obtained [58, 59] . Nevertheless, the supercapacitors' properties based on graphene electrodes are summarised in Table 5 .
Carbon Nanomaterials
Composites. The use of carbon nanostructures composites is also investigated as electrode material by increasing the conductivity and accessible surface area. However, the composites of CNTs, CNFs, and graphene are focused here.
The CNTs are the materials with extraordinary electrical properties and can be used to make composite with enhanced electrical conductivity. The high conductivity helped easy charge transfer between pores and surface. ). Higher accessible SSA of the composite resulted in higher specific capacitance (310 F/g) than PANCNFs (169 F/g). The high mesopores volume also gave high rate capability (90%) when discharge current density was increased from 100 to 1000 mA/g [61] . Similarly, PAN-CNFs and SWCNTs composite was made in similar ways but soaked in HNO 3 to remove metal particles. The SSA obtained from the composite was lower (132 m 2 /g) but with higher conductivity (8.82 S cm −1 ) due to the CNTs. The specific capacitance from the composite was very high (417 F/g) [62] . In addition to embedding by electrospinning, the CNTs are also grown directly on carbon nanofibers by CVD with catalyst particle embedded by electrospinning [22, 63] . Similar to carbon nanotubes, the carbon nanofibers were also used to make composite. The conductivity and SSA of the composite increased when CNFs were used with porous nanosheet from bacterial cellulose. The conductivity of composite increased to 10.1 S m −1 compared to nanosheet of 7.6 S m −1 [69] . As discussed earlier, graphene is an excellent material as electrode for supercapacitor due to the high electrical conductivity and huge specific surface area, but the agglomeration of graphene sheet causes reduction in surface area; however, their composite with other carbon nanomaterials can enhance both electrical conductivity and specific surface area of overall composite material. The higher conductivity and surface area were observed when graphene than CNFs (7.3 S m −1 ); however, there was a small increase in surface area and pore volume. Similarly, the rate capability of the composite was also very high as compare to CNFs due to high conductivity and easier access of the electrolyte to the surface area. The specific capacitance of the composite dropped only to 155 F/g from 183 F/g when discharging with 10 A/g and 0.1 A/g; however, the drop was huge for CNFs from 114 F/g to 25 F/g [64] . The graphene/CNFs composites were also used to make dense electrode material which can give high volumetric capacitance which is important when the space is limited for the energy source. Phenolic nanofiber/graphene oxide dispersion was ultrasonicated and stirred and finally composite paper was made by vacuumassisted filtration. The volumetric capacitance higher than commercial capacitor was obtained (112 F cm −3 ) [65] .
The MWCNTs do not disperse in water and aggregate in the bottom; however, the dispersion property of MWCNTs changes to uniform dispersion when mixed with graphene because aromatic regions of graphene oxide sheets interact with the sidewalls of MWCNTs through -supramolecular interactions where MWCNTS retain their high conductivity. The MWCNTs were distributed among the graphene layers working as spacers that prevented graphene from agglomeration and also helped the electrolyte to access maximum surface area. Higher surface area from CNTs/graphene [115] . The CNTs/graphene composite was also made using CVD. The specific capacitance of 90 F/g was obtained which was stable up to 5000 cycles [67] . Nevertheless, the supercapacitors properties based on carbon nanomaterials composites electrodes are summarised in Table 6 .
Conclusion
We have reviewed the use of one-and two-dimensional carbon nanostructures and their composites as electrodes for supercapacitors. Different possibilities to enhance the specific capacitance and of course specific energy and power density are discussed by enhancing surface area, conductivity, hydrophilicity, and doping of carbon nanomaterials. High specific capacitance along with high energy and power density is obtained from CNTs after removing tips and functionalizing with oxygenate. Similarly, results are obtained from graphene by introducing spacer between graphene sheets. The energy density of around 150 Wh/kg and power density of 250-776 kW/kg are obtained.
